The dynamic interactions of chlorine and organic matter during a simulated fresh-cut produce wash process and the consequences for Escherichia coli O157:H7 inactivation were investigated. An algorithm for a chlorine feed-forward dosing scheme to maintain a stable chlorine level was further developed and validated. Organic loads with chemical oxygen demand of 300 to 800 mg/liter were modeled using iceberg lettuce. Sodium hypochlorite (NaOCl) was added to the simulated wash solution incrementally. The solution pH, free and total chlorine, and oxidation-reduction potential were monitored, and chlorination breakpoint and chloramine humps determined. The results indicated that the E. coli O157:H7 inactivation curve mirrored that of the free chlorine during the chlorine replenishment process: a slight reduction in E. coli O157:H7 was observed as the combined chlorine hump was approached, while the E. coli O157:H7 cell populations declined sharply after chlorination passed the chlorine hump and decreased to below the detection limit (,0.75 most probable number per ml) after the chlorination breakpoint was reached. While the amounts of NaOCl required for reaching the chloramine humps and chlorination breakpoints depended on the organic loads, there was a linear correlation between NaOCl input and free chlorine in the wash solution once NaOCl dosing passed the chlorination breakpoint, regardless of organic load. The data obtained were further exploited to develop a NaOCl dosing algorithm for maintaining a stable chlorine concentration in the presence of an increasing organic load. The validation tests results indicated that free chlorine could be maintained at target levels using such an algorithm, while the pH and oxidationreduction potential were also stably maintained using this system.
Maintaining a sufficient wash water sanitizer concentration is critical to preventing pathogen survival and crosscontamination during produce washing (6, 11, 13, 26) . Chlorine is a sanitizer that has been used throughout the fresh and fresh-cut produce industry for many years (1, 10, 17, 23) . The disinfection properties of chlorine compounds are well known and are primarily attributable to hypochlorous acid (HOCl), a strong oxidant with a pK a of 7.5. As the solution pH has a major impact on the equilibrium among Cl 2 , HOCl, and OCl 2 , a pH range of 6 to 7 is usually used to maximize the efficacy of HOCl on pathogen inactivation and to minimize the formation of chlorine off-gas (5, 29) .
The concentration of HOCl in washing solutions also depends on the solution temperature, aeration, and the presence of inorganic and organic constituents with which chlorine reacts (1, 12) . When fresh-cut produce, such as cut lettuce, is loaded into a wash system, it is generally accompanied by organic (amino acids, proteins, carbohydrates, and phenolics from plant latex and exudates) and inorganic (S 22 , Fe 2z , and Mn 2z ) matter. Upon addition to the fresh-cut lettuce wash solution, HOCl is rapidly consumed by oxidation or substitution reactions with these organic and inorganic constituents, resulting in the formation of mono-, di-, and trichloramines in typical stoichiometries (14, 20, 21) .
The solution pH, organic content, Cl-to-organic content ratio, and contact time may all influence the species and quantities of chloramines produced (3, 7, 15, 27) . The addition of NaOCl results in the formation of chloramines in the presence of organic matter (22) . This chloramination process is manifested as a peak followed by a valley on the chlorine dose-response curve (28) . The peak of chloramine formation is commonly referred to as the ''chloramine hump,'' and the valley, which corresponds to the point where most of the reactions of organic matter with chlorine are complete, is referred to as the ''chlorination breakpoint.'' Continued increase of chlorine input past the chlorination breakpoint will result in a proportional increase of free chlorine in wash solutions (28) .
Breakpoint chlorination, the process of adding sufficient chlorine to completely oxidize all organic matter and ammonia, is widely used in wastewater treatment (3, 4, 18, 25) . Oxidation-reduction potential (ORP), set-point control of chlorination, and dechlorination processes have been used to increase the efficacy of chlorine dosing during the chlorination processing of wastewater (9) . The chlorine dose for achieving breakpoints has been determined using batchwise chlorination of aqueous ammonium chloride solutions (3) . Furthermore, the linear correlations between ORP and pH and the chlorine demands at breakpoints associated with different ammonia concentrations have been determined, and on-line ORP and pH monitoring has also been investigated for controlling wastewater nitrification (28) .
Chloramine humps and chlorination breakpoints similar to those in wastewater treatment are expected for produce washing with chlorine-based sanitizers; however, the parameters associated with these phenomena under produce washing conditions have yet to be determined. Currently, HOCl-generating chemicals, e.g., NaOCl, are often used to increase free chlorine levels in recirculated wash water (1). However, determining the rates of NaOCl addition needed to maintain the desired free chlorine concentration in the wash solution with increasing organic loads is a major technical challenge during commercial fresh-cut produce wash operations (6, 29) . The overall impact of these conditions accentuates the need for real-time process control of free chlorine concentrations in wash water and for systems that can be adjusted to satisfy the chlorine demand under rapidly changing conditions.
The main objectives of this study were to (i) investigate the changes in lettuce wash water chemistry during chlorination and incremental increases in organic loads, (ii) determine the correlations between key chlorination parameters and pathogen survival in the wash water, and (iii) explore the feasibility of achieving feed-forward control of free chlorine concentration in a lettuce-washing system using a breakpoint approach.
MATERIALS AND METHODS
Lettuce extract and simulated fresh-cut lettuce wash water preparation. Iceberg lettuce (courtesy of Dole Company, Bessemer City, NC) was cut into pieces, pressed through a household juicer, and filtered through eight layers of cheesecloth. Stock quantities of this extract were prepared and frozen at 220uC for use throughout this study.
Analysis of chlorination process of wash solution containing organic materials. An aliquot (36 ml) of the lettuce extract was added to 3 liters of distilled water to simulate the organic load in wash water during commercial fresh-cut lettuceprocessing operations. The resultant solution, containing 1.20% lettuce extract, had an average chemical oxygen demand (COD) of 777.33 (mg/liter), which is comparable to the median COD level of lettuce-processing wash water from a pilot plant using recirculated wash water (12) . Aliquots of 96 ml of concentrated NaOCl solution (Clorox, Oakland, CA) were sequentially added to the simulated wash water to incrementally raise the chlorine concentration at a predetermined rate of 2.00 mg/liter per addition. Water samples were collected 2 min after each chlorine addition to determine the ORP, COD, pH, and total and free chlorine. The pH was determined with a digital pH meter (Oakton Instruments, Vernon Hills, IL). The ORP was determined with a digital ORP meter (Thermo Fisher Scientific, Rockville, MD). The COD was determined using a reactor digestion method (Hach method 10236) (8) . Free and total chlorine were measured using a chlorine photometer (CP-15, HF Scientific, Inc., Ft. Myers, FL). The chloramine content was calculated by subtracting free chlorine from total chlorine (2).
Survival of Escherichia coli O157:H7 strains in the freshcut lettuce washing water during chlorination process. A threestrain cocktail of Escherichia coli O157:H7 (RM4406, ATCC 43895, and ATCC 700728) with nalidixic acid resistance was used in this study. The isolate RM4406 (lettuce outbreak isolate) was kindly provided by Robert Mandrell (U.S. Department of Agriculture, Agricultural Research Service, Albany, CA). Isolates ATCC 43985 and ATCC 700728 were obtained from the American Tissue Culture Collection. Cells of each strain were grown for 20 h in 30 ml of tryptic soy broth (Neogen, Lansing, MI) containing 50 mg of nalidixic acid per ml at 37uC with shaking. Cells were harvested by centrifugation at 4,300 | g for 5 min, washed once in sterile phosphate-buffered saline (PBS), and resuspended in 10 ml of PBS. Equal volumes of cell suspensions from each strain were mixed and diluted in PBS to achieve a cocktail of inoculum with approximately 10 8 CFU of E. coli O157:H7 per ml.
Concentrated NaOCl solution was added in 4 mg/liter increments to the simulated wash water containing 1.2% lettuce extract. Two minutes after each chlorine addition, water was sampled and analyzed for ORP, pH, and free and total chlorine. The bactericidal activity of the chlorinated wash water was assessed by mixing aliquots (15 ml) of wash water with 0.15 ml of E. coli O157:H7 cocktail. After 30 s of exposure, the reaction was stopped by neutralizing the residual chlorine with sodium thiosulfate solution (final concentration, 0.1% [wt/vol]), and surviving E. coli O157:H7 populations were enumerated using a modified mini-most-probablenumber (MPN) method (16) . Aliquots (0.3 ml) of this reaction solution were added to 2.7 ml of tryptic soy broth containing 0.1% sodium pyruvate and 50 mg of nalidixic acid per liter and 10-fold serially diluted in the same medium in a 5-ml, 48-well deep microplate, followed by incubation at 37uC for 18 hours. Aliquots (1.5 ml) of the 18-h enriched culture from each well were streaked onto MacConkey agar containing 50 mg of nalidixic acid per liter. Following incubation at 37uC overnight, the numbers of wells for each dilution that gave rise to pale colonies characteristic of E. coli O157:H7 were recorded and used for calculating the MPN of E. coli O157:H7 in each water sample.
Effect of organic load on changes in free and total chlorine. Solutions containing 0.27 to 1.20% lettuce extract were prepared by adding 4 to 36 ml of lettuce extract to 3 liters of distilled water. The COD values of each solution were determined. Aliquots of a predetermined amount of NaOCl solution were sequentially added at a rate of 2.0 mg/liter to each solution of a specific lettuce extract concentration to incrementally increase the free chlorine concentration. The free and total chlorine of each resultant solution were determined as described above. The correlation between cumulative NaOCl input and organic load (concentrations of lettuce extract) at the chloramine hump and chlorination breakpoint and that between free chlorine and cumulative NaOCl input were graphed, and the respective functional equations were derived from the graphs.
Developing an algorithm for feed-forward control of the chlorination of wash water during continuous washing of produce. A key element in developing feed-forward control of the chlorination process was to establish an empirical relationship among three factors: (i) chlorine demand, (ii) organic load (lettuce extract concentration), and (iii) the target level of free chlorine. The amount of NaOCl required to reach the target level of residual free chlorine was calculated based on the functional equation of cumulative NaOCl input divided by the lettuce extract concentration at the chlorination breakpoint and the functional equation of residual free chlorine divided by the cumulative NaOCl input at the postbreakpoint linear stage.
Validation of free chlorine control with and without pH adjustment. Validation trials were carried out at target free chlorine concentrations of 5, 10, and 15 mg/liter in simulated produce wash water with incremental increases in organic load. Aliquots of 9 ml of lettuce extract were sequentially added to 3 liters of water, followed by the addition of an estimated amount of NaOCl calculated according to the empirical equation based on the given organic load in the wash water. Samples of this wash water were taken 1 min after each addition of lettuce extract and NaOCl to determine the actual free chlorine concentration, pH, and ORP. These steps were repeated until the lettuce extract in the wash water reached 6.5%. The same procedure was repeated for each target free chlorine concentration. This same series of steps at a target free chlorine concentration of 5 mg/liter but with the pH adjusted to 5.5, 6.5, and 7.5 with 25% citric acid and 0.1 N sodium hydroxide were further repeated to evaluate the performance of the developed equation for wash solutions with pH adjustments.
Statistical analysis. All experiments were repeated three times. Linear least-squares regression and correlation analyses were conducted between lettuce extract concentrations and pH, ORP, and cumulative NaOCl addition using SAS 9.3 (SAS Institute Inc., Cary, NC). Data related to E. coli O157:H7 cell populations were first log transformed and analyzed for statistical significance among treatments using the general linear model of SAS 9.3. When the effects were statistically significant, mean comparisons were performed with Sidak adjusted P values to maintain experiment-wise error (a) at 0.05.
RESULTS AND DISCUSSION
Identification of chloramine hump and chlorination breakpoint for wash solution containing 1.20% lettuce extract. Lettuce extract is rich in organic metabolites that contribute a significant portion to the organic load in typical commercial fresh-cut lettuce-processing wash water (24) . In a recent study, Luo et al. (12) reported that the organic load in the recirculated wash water was characterized by a COD ranging from 200 to 2,500 mg/liter during a semicommercial pilot plant study with shredded lettuce. This is equivalent to 0.04 to 4.66% lettuce extract, based on the correlation between the concentration of lettuce extract and organic load established in this study (Table 1) . Thus, the solutions containing 1.20% lettuce extract for simulating organic load (corresponding to a COD of 777 mg/liter) used in this study were well within the range of those reported for lettuce-processing wash water (12) . Figure 1A shows that the changes in wash water characteristics in response to incremental addition of NaOCl occurred progressively in three stages. During the first stage, the total chlorine measurement increased proportionally to NaOCl input, but free chlorine was not detected. Throughout this stage, HOCl typically reacted with nitrogenous organic compounds to form chloramines, resulting in minimal levels of free chlorine and a gradual increase in total chlorine and chloramines until the chloramine hump was reached. The second stage was characterized by a gradual decline in total chlorine until the lowest inflection point, or chlorination breakpoint, was reached. The decline in total chlorine represents the oxidation of chloramines by the continued addition of NaOCl. The breakpoint denotes the juncture at which the chlorine demand by organic and inorganic materials is completely satisfied. The third stage started with the breakpoint, beyond which there was a linear increase in total chlorine measurement proportional to continued chlorine addition, while the chloramine concentration remained nearly constant.
The change in free chlorine concentration follows a semilogarithmic pattern and was plotted in both Figure 1A and 1B to depict this trend. At the beginning of NaOCl dosing, there was a minimal amount of free chlorine present in the system. Initially, during the repeated NaOCl additions, the free chlorine concentration remained constantly low despite the rapid increase in total chlorine. Nearly all NaOCl added was converted to chloramines until it reached the chloramine hump. At this point, the free chlorine concentration reached 1.64 mg/liter (Fig. 1B) .
Continued addition of NaOCl resulted in a gradual increase in free chlorine, while total chlorine declined rapidly, until the chlorination breakpoint was reached at a free chlorine concentration of 2.64 mg/liter (Fig. 1B) . Subsequently, there was a rapid increase in the free chlorine concentration with the continued addition of NaOCl. This rapid increase in free chlorine occurred in parallel with a rapid rise in total chlorine, suggesting that the added chlorine was fully converted to free chlorine as the chloramine concentration remained constant. The changes in pH during chlorine addition also occurred in three stages. In the initial stage of the chlorine response, the pH increased steeply from ,6.0 to ,8.4 as NaOCl was added. In the second stage (from approximately 40 to 54 mg of added NaOCl per liter), the pH decreased slightly, down to ,6.9, followed by another sharp increase to ,8.1 over the third stage. This three-stage progression is attributable to the sequence of reactions occurring during the chlorination process. During the first stage, hydroxyl ions are released from the NaOCl, while protons are generated by oxidation of organic nitrogen compounds to monochloramines (27) . Because only a portion of the organic material can be oxidized to monochloramines to produce hydrogen ions (27) , there is a net excess of hydroxyl ions over hydrogen ions, resulting in the elevated pH during this stage. Additional hydrogen ions are generated when monochloramine species are oxidized by NaOCl, which results in the pH declining slightly as more NaOCl is added. The third-stage increase in pH is attributed to the generation of additional hydroxyl ions during continued addition of NaOCl solution. Peaks and valleys in the pH profiles correspond to the combined chlorine humps and breakpoints, respectively.
ORP measures the oxidation-reduction capacity of the sanitizer solution and is a function of both the chlorine concentration and pH of the solution. During the initial addition of NaOCl, there was a rapid increase in pH, but free chlorine remained stable in the system. This led to a gradual decline in ORP, despite the continued addition of NaOCl. This was followed by a gradual increase in ORP in the second stage. In the third stage, ORP remained flat as it reached a plateau.
Inactivation of E. coli O157:H7 in the simulated lettuce wash solution during NaOCl dosing. Figure 1C shows the survival of E. coli O157:H7 populations in the simulated lettuce wash solution in response to chlorine addition. Wash water with a NaOCl input less than required for reaching the chloramine hump did not exhibit any bactericidal activity, although a slight reduction in E. coli O157:H7 survival was observed as the chloramine hump was approached. After the chloramine hump, E. coli O157:H7 cell populations declined sharply in response to continued increase in the NaOCl input. E. coli O157:H7 became undetectable (,0.75 MPN/ml) after the breakpoint, when free chlorine exceeded 2.64 mg/liter (P , 0.05).
Modeling the response of pH, residual chlorine, and ORP to alternating, pulsed additions of NaOCl and organic loads. In produce wash water, the continuous accumulation of organic material during processing makes it difficult to determine the chlorine dosage necessary to reach the breakpoint at a specific point in the process. This is a critical process control issue, and measuring the changes in pH, residual free chlorine, and ORP during the chlorination and organic loading sequences for a series of wash solutions containing different concentrations of organic material (COD) enabled the development of equations that model the relationships among these parameters. These equations provide a means to determine the necessary chlorine dose needed at any point in the process and thus address this critical process control issue. A comparison of free and total chlorine profiles for solutions with eight different lettuce extract concentrations ranging from 0.27 to 1.20% ( Fig. 2A ) revealed that as the lettuce extract concentration increases, so does the value of cumulatively added NaOCl at which total chlorine reaches the inflecting points. As the organic load increases, increasing cumulative amounts of added NaOCl are required to reach the chloramine hump and chlorination breakpoint, and the hump and breakpoint become more apparent. Figure 2B shows the linear correlation between the lettuce extract concentration and the cumulative amount of added NaOCl required to reach the chloramine hump and the breakpoint.
These linear correlations are described as follows:
where f h 1 and f b 1 are the cumulative amounts of NaOCl (mg/ liter) required to reach the chloramine hump and breakpoint, respectively, and x 1 is the lettuce extract concentration, as a percentage.
The data in Figure 2C indicate that at each organic load considered, the increase in free chlorine concentration lagged behind the addition of NaOCl, as found for 1.20% lettuce extract (Fig. 1) . As the lettuce extract concentration increased, more added NaOCl was required to overcome the initial lag before a significant increase in free chlorine was detected. However, once the lag phase was over, the increase in free chlorine followed the same trend regardless of the lettuce extract concentration. Furthermore, regardless of the lettuce extract concentration and the total amount of NaOCl added, the free chlorine level was around 1.35 mg/liter (ranging from 1.1 to 1.64 mg/liter) when the chloramine hump was reached (Fig. 2C) . With the continued addition of NaOCl, there was a gradual increase in free chlorine, while total chlorine declined rapidly until it reached the chlorination breakpoint, at which time the free chlorine concentration ranged from 2.64 to 4.85 mg/liter, with an average of 3.84 mg/liter (Fig. 2C) . Furthermore, by plotting the changes in free chlorine over the addition of NaOCl at each lettuce extract concentration after 3.84 mg/ liter, a series of linear regression lines were obtained (Fig. 2D ). As shown in Table 2 , the linear least-squares regression coefficients were relatively stable across the broad range of lettuce extract concentrations tested. This suggests that once the system has moved past the chlorination breakpoint, the residual free chlorine increases linearly as a function of NaOCl addition in all wash solutions, regardless of the organic load. Therefore, sodium hypochlorite replenishment should be done before the chlorination breakpoint or before the free chlorine level drops below 3.84 mg/liter in order to cost-effectively increase the ratio of free chlorine over the required addition of NaOCl. Given that the linear least-squares regression coefficients averaged 0.6704, the required amount of NaOCl needed to reach the target free chlorine level, after the cumulative dosage needed to satisfy the breakpoint, can be estimated based on the following equations.
where f 2 refers to the amount of 6% NaOCl added (measured in mg/liter) and x 2 refers to the increase level of free chlorine (mg/liter). Given that the breakpoint is reached at 4 mg/liter free chlorine, the target level of free chlorine can then be expressed as
where x 3 refers to the target level of free chlorine (measured in mg/liter) and x 2 refers to the increased level of free chlorine beyond the breakpoint (mg/liter). Based on equations 1 through 4, the total dosage of NaOCl required to reach the desired free chlorine residual level in a solution containing lettuce extract can be expressed as follows:
where f b 1 (organic) is the partition which defines the concentration of NaOCl required to react with an organic load up to the breakpoint, f 2 (Cl 2 ) is the partition which defines the concentration of NaOCl required to reach the target level of free chlorine after the chlorination breakpoint, and f 3 (others) is the partition which defines the concentration of NaOCl due to the loss of free chlorine from other factors, for example, time and different pH. f 3 (others) would implement the equation and could be expressed as
where C i{1 d is the measured value of free chlorine (mg/liter) after the (i 2 1)th input of NaOCl followed by organic load, C i d is the measured value of free chlorine (mg/liter) after the ith input of NaOCl followed by organic load, x 3 is the targeted level (mg/liter) of free chlorine, and n is the total number of additions of organic matter. When i~0, we assume that C {1 d~C 0 d~x 3 , and when i~1, we assume that C 0 d~x 3 . Therefore, after substituting equations 2, 3, 4, and 6 into equation 5, an empirical equation can be expressed as follows:
where f refers to the concentration of NaOCl required, x 1 refers to the lettuce extract (%), x 3 refers to the target level of free chlorine, C i{1 d is the measured value of free chlorine (mg/liter) after the (i 2 1)th input of NaOCl followed by organic load, C i d is the measured value of free chlorine (mg/ liter) after the ith input of NaOCl followed by organic load, and n is the total number of additions of organic matter. When i~0, we assume that C {1 d~C 0 d~x 3 , and when i1 , we assume that C 0 d~x 3 . If the volume of the tank (V tank ) and the concentration of NaOCl stock solution (C stock ) are given, the volume of 6% NaOCl stock solution (V stock ) can be expressed as follows:
Therefore,
For example, in a wash system filled with 1,000 liters of washing solution containing 0.5% lettuce extract, the required concentration of NaOCl to reach a target free chlorine of 20 mg/liter could be calculated as follows:
f~63:64|0:5z1:66|20 z1:466|(20{2|20z20) {12:41~52:61(mg=liter)
Furthermore, the amount of stock solution could be calculated as follows: V stock~5 2:61|1,000=60,000~0:88(liter) Application of empirical equations to provide feedforward control of chlorination during simulated produce washing with increasing organic load. A series of studies was performed to validate these equations at different free chlorine target concentrations (5, 10, and 20 mg/liter) without controlled pH ( Fig. 3 ) and at the free chlorine concentration of 5 mg/liter with controlled pH (5.5, 6.5, and 7.5) ( Fig. 4) . Following the addition of NaOCl and starting with zero lettuce extract, each 9-ml aliquot of lettuce extract increased the extract concentration by 0.3%.
The data in Figure 3 for lettuce extract increments of 0.3% shows that equation 9 can be used effectively to control the free chlorine concentration near the target levels of 5, 10, and 20 mg/liter (Fig. 3A) . There was less fluctuation when the target free chlorine level was around 5 mg/liter than at other concentrations. The pattern of 9) here at targeted free chlorine concentration of 5 mg/liter, with pH controlled at 5.5, 6.5, and 7.5, and at a lettuce extract feed rate of 0.3% per addition. The washing water was sampled at 1 min after the addition of lettuce extract, and the profiles of free chlorine (A), pH (B), and ORP (C) were measured immediately thereafter. Each data point represents the mean of three replicate measurements.
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fluctuation was initially large and eventually narrowed, more closely approaching the target concentration at higher lettuce juice extract concentrations. The pH values for target free chlorine treatments of 10 and 20 mg/liter remained higher than those for the 5 mg/liter target free chlorine levels, as a function of the pH level of the extract (around 6.20) and the amount of NaOCl needed to maintain the target free chlorine concentration. The ORP levels fluctuated to a certain degree as a function of the free chlorine and pH of the wash solution.
The model was further tested by conducting additional studies using a target free chlorine level of 5 mg/liter and pH values of 5.5, 6.5, and 7.5, maintained with citric acid. As shown in Figure 4A and 4B, the free chlorine was well controlled around 5 mg/liter under all three pH levels tested. Additionally, relatively stable ORP values were also maintained, with higher ORP at lower pH and lower ORP at higher pH levels, as expected. All these studies indicate that equation 5 could be used for the control of free chlorine in a wash tank with increasing organic load. Additionally, as shown in Table 1 , although the cumulative chlorine dosage increases with the increase in lettuce extract concentration or COD levels in the wash solution, the ratios between chlorine added over lettuce extract concentration or COD levels remain relatively constant when the chloramine humps and chlorination breakpoint are reached.
Presently, state-of-the-art chlorine dosing is based on a feedback system that uses measurements of ORP and pH in the wash water. Although the automated ORP dosing system provides better control of chlorine than manual periodic or trial and error procedures, technical issues still remain, including (i) saturation of the probe membrane, (ii) sensitivity and dependence on pH, (iii) requirement for frequent calibration, and (iv) maintenance of the ORP-pH system. But most importantly, the major downside of current methods of chlorine dosing is that it is feedback rather than feed-forward based. Chlorine dosing is based on the on-line measurement of ORP in the wash system and can only predict what is needed based on what has already occurred. Since lettuce washing with reused water is a dynamic process with an ever-changing organic load, the current feedback system often fails to maintain a stable free chlorine concentration above the target level. By estimating chlorine dosage based on the actual organic load, this feed forward system overcomes this problem. In addition, the algorithm and method developed here can be incorporated into an automated in-line dispensing of NaOCl to maintain a stable free chlorine concentration with increasing organic load and thereby increase the reliability of the critical process control of free chlorine.
It is worth pointing out that COD measurement was used as the organic load indicator in this study since COD is a widely acknowledged measure of the content of oxidizable organic constituents in water and is used in water quality measurement (19) . However, since COD measurement usually takes about 2 h (8), other faster and in-line measurements will need to be used for organic load determination. Studies from Luo et al. (12) and Van Haute et al. (26) have shown that conductivity and turbidity correlate well with COD under the same conditions and can be determined rapidly and via in-line measurement. However, since the changes in conductivity and turbidity are highly dependent on each produce commodity type, the algorithm must be developed for each commodity using the same principle developed in this study. Additionally, partial water replenishment is commonly practiced in the fresh-cut produce industry. Future studies will need to include this factor in the development of models that incorporate algorithms reflecting conditions that closely relate to current commodity-specific practices.
In conclusion, using a lettuce extract simulation of organic loading in produce wash water, nearly linear relationships were experimentally developed between the values of the cumulative amount of hypochlorite added and the organic loading at both the chloramine hump and the breakpoint. An algorithm was developed for use in feedforward control of wash water chlorination in the face of increasing organic load. The algorithm was validated by using it to maintain a nearly constant free chlorine concentration of 5 mg/liter as organic loading increased by 0.3% per aliquot of lettuce extract for as many as 20-plus aliquots. This method of controlling free chlorine in wash systems can help to reduce the amount of chlorine used and maintain more nearly constant ORP, pH, and most importantly, free chlorine concentration during produce process wash operations. Automated in-line dispensing of chlorine-generating chemicals according to such an algorithm can provide improved regulation of free chlorine concentration and prevention of pathogen survival and cross-contamination during produce wash.
